1. Introduction {#sec0005}
===============

The term 'apoptosis' derived from the Greek language meaning, "dropping off or falling off of petals from flowers, or leaves from trees in autumn" has been coined by Kerr, Wyllie and Currie ([@bib0195]) to describe the active and well-defined process of self-destruction of cells which is characterized by morphological changes such as nuclear and cytoplasmic condensation, formation of apoptotic bodies and their phagocytosis and degradation by other neighboring cells in tissue homoeostasis. Apoptosis (type I cell death) is a distinctive mode of controlled programmed cell death (PCD) (other forms of PCD include autophagy, pyroptosis and oncosis) which is genetically determined and undergoes characteristic morphological and biochemical changes. Apoptosis results in the removal of cells, with little tissue disruption. It plays a complementary, yet an opposite role to mitosis in the regulation of animal cell population and occurs at a particular time point in cellular development and shows remarkable accuracy ([@bib0095]). Apoptosis is important in maintaining the cell population: during cell injury and aging, and as a defense mechanism to eliminate damaged cells ([@bib0335]). Apoptosis is also involved in disease conditions such as cancer, AIDS, Parkinson's disease and Alzheimer's disease. Focal apoptosis is important for normal embryonic processes such as the development of the lumina of tubular structures, the fashioning of limbs and formation of interdigital clefts ([@bib0145]; [@bib0540]).

Bone is a dynamic tissue and consists of cells such as osteoclasts (OCs) and osteoblasts (OBs) which interact with each other in basic multicellular units (BMUs) in which both cell types are actively involved in bone resorption and bone formation, respectively, in the process of remodeling. Physiological death of bone cells such as chondrocytes, OB precursors, OBs and OCs occurs in several situations such as during growth plate ossification, as a mean of limiting OB numbers, at the cessation of bone formation and during the reversal phase of bone remodeling, respectively ([@bib0145]). OCs are bone resorbing cells of hematopoietic origin. Mononuclear OC precursors (OCPs) are fused together to form the terminally differentiated multinuclear polykaryon which no longer has the capacity to proliferate. Osteoclastic bone resorption is necessary during the development of bone and in reshaping or replacement of bone during growth and following injuries. The rate of bone resorption is determined by both the number and activity of OCs. Excessive OC activity may lead to increased bone resorption and osteoporosis, whereas reduced activity will lead to an imbalance in remodeling, favoring osteopetrosis ([@bib0430]).

The lifespan of OCs is relatively short both *in vitro* and *in vivo,* and the activated OCs in a healthy human adult usually survive approximately 2--3 weeks in the marrow ([@bib0295]; [@bib0500]) and then undergo apoptosis. Hence, the number of OCs is dependent upon the relative rates of cell differentiation and death. It has been demonstrated that in the presence of high levels of extracellular calcium generated during bone resorption, OCs are subjected to negative feedback regulation through the induction of apoptosis ([@bib0280]). Importantly, changes in the regulation of OC apoptosis are evident in many pathological bone diseases such as post-menopausal osteoporosis, rheumatoid arthritis (RA), osteoarthrosis, hyperparathyroidism and Paget's disease of bone (PDB) ([@bib0380]). Apoptosis in OCs might be due to a lack of balance between survival factors and factors which may oppose them. While signaling through the macrophage colony stimulating factor (M-CSF), the receptor activator of nuclear factor kappa-B (NF-κB) ligand (RANKL), tumor necrosis factor (TNF)-α and interleukin (IL)-1 *via* NF-κB and Akt is necessary for cell survival, osteoprotegerin (OPG) and other factors such as estrogen cause OC apoptosis ([@bib0270]; [@bib0330]). Interestingly, extracellular acidosis has been identified not only as a potent stimulator of OC resorptive activity and differentiation, but also as an inhibitor of OC apoptosis, contributing to the enhancement of OC lifespan. Decreased OC apoptosis following ovariectomy ([@bib0155]) may lead to enhanced bone resorption. Therefore, OC apoptosis can be considered as another strategy to reduce OC activity in conditions of accelerated bone resorption, such as RA and multiple myeloma. It can be assumed that OC activity could be controlled through regulated apoptosis. This assumption has been corroborated by a study by Wu and colleagues ([@bib0535]) who showed that mice lacking the solute carrier family 4 (SLC4)-A2 have a higher degree of OC apoptosis than their wild type (WT) counterparts. The HCO~3~^−^/Cl- anion exchanger, SLC4A, is upregulated during osteoclastogenesis through the nuclear factor of activated T Cells 1(NFATc1)-dependent pathway. *Slc4a2*-deficient mice show growth retardation and clubbing of the long bones without proper bone marrow which are suggestive of congenital osteopetrosis. Although similar numbers of OCs were observed in Slc4a2^−/−^ mice compared with WT counterparts, almost four times as many Slc4a2^−/−^OCs displayed cytologic features of apoptosis, suggesting that the dominant role of SLC4A2 in OCs *in vivo* is to facilitate bone resorption and suppress apoptosis ([@bib0535]). Contrary to *Slc4a2*-deficient mice, Src^−^/^−^ mice showed increased OC numbers but osteopetrosis due to their reduced activity ([@bib0425]). Though OCs undergo rapid apoptosis *in vitro* in the absence of M-CSF, OC apoptosis did not increase in Src^−^/^−^ mice *in vivo*, suggesting that other compensatory mechanisms are in place in these mice to maintain their viability despite their inactivity. Hence, the aim of this review is to examine the current literature on OC apoptosis and its regulation in a brief and concise manner.

2. Osteoclast apoptosis {#sec0010}
=======================

The fate of OCs has been speculated for decades and was described by Arey in 1920 ([@bib0035]), who showed that after bone resorption, a part of the OCs is cut off by vacuolization and the OCs disappear due to degeneration. A subsequent study has demonstrated that during remodeling and following cessation of bone resorption, OCs are reduced in number, possibly due to their dissociation into precursor cells ([@bib0470]). A similar study has shown that the administration of calcitonin causes OCs to separate from the bone surfaces or to reduce the extent of their contact zone with bone and a reduction in their number. They postulated that the reduction could possibly be due to fission of pre-existing OCs into undistinguishable mononucleated cells ([@bib0055]). Contrary to the aforementioned studies ([@bib0470]; [@bib0055]), the study by Liu and colleagues has demonstrated that OCs undergo cell death as a result of calcium replenishment in rats which were on a calcium deficient diet for 12 days ([@bib0260]). They have also observed that OCs disintegrate or undergo degeneration as characterized by fragmentation of the existing OC cytoplasm and/or by the derangement or breakdown of nuclear material due to calcium repletion ([@bib0260]). Similarly, many subsequent studies on the effect of bisphosphonates and estrogen on OCs have described the morphological changes of apoptosis, though the cellular changes were not recognized as apoptosis at that time.

The first reported evidence of OC apoptosis *in vitro* has been demonstrated by [@bib0105] who showed that OCs die when the cultures are depleted of M-CSF, suggesting that the survival of mature OCs occur through suppression of apoptosis. Interestingly, very low concentrations of M-CSF were adequate for OC survival ([@bib0105]). This *in vitro* observation of OC apoptosis was confirmed by a subsequent *in vivo* study by Boyce and colleagues in transgenic mice following the targeting of the Simian virus 40 T (SV 40 T) antigen oncogene to the OCs using tartrate-resistant acid phosphatase (TRAP) promoter as OCs express TRAP at higher levels than other cells ([@bib0060]). Contrary to the expected and despite the abnormal proliferation of OCs, these animals showed osteopetrosis instead of osteoporosis. The observation of increased apoptosis in these animals explains the reduction in bone resorption and osteopetrosis. Targeting of the anti-apoptotic gene, *bcl-xL* to the cells of the OC lineage using the same technique prevented apoptosis both *in vivo* and *in vitro* ([@bib0135]). By the aforementioned *in vitro* and *in vivo* studies, OCs showed the morphological features of apoptosis, namely loss of adhesion, cytoplasmic contraction and blebbing, nuclear chromatin condensation and nuclear fragmentation. More strikingly, the apoptotic OCs displayed strong TRAP staining and simultaneous apoptosis of all of their nuclei.

3. Osteoclast apoptosis through death receptors {#sec0015}
===============================================

The Fas/FasL system provides an important apoptotic mechanism for many cell types including immune cells and OCs. A study by Wang and colleagues ([@bib0485]) has showed that OBs induce OC apoptosis by the Fas/FasL pathway. However, the role of the Fas/FasL system in OCs has not been fully clarified yet. Though both RANKL and M-CSF have been shown to upregulate Fas receptors in OC progenitors (OCPs) through NF-κB ([@bib0525]), in differentiated mature OCs, RANKL reduces the levels of Fas expression and Fas-mediated apoptosis ([@bib0525]). Using a Fas activating antibody it has been shown that the Fas-mediated death signal in mouse OCs involves the activation of caspase-9 in the intrinsic apoptotic pathway and the executioner caspase-3 and the release of cytochrome c from mitochondria, suggesting that Fas-mediated apoptosis is a potent mechanism in OC apoptosis ([@bib0520]). Interestingly, the effect of Fas in OCs is further supported by the *in vivo* data obtained using Lpr and Gld mice. These mice have a defect in Fas gene transcription and a mutation of the FasL gene, respectively. These mice have an increased number of OCs and mild osteoporosis, suggesting that the Fas/FasL system plays a pivotal role in OC apoptosis *in vivo* ([@bib0520]). Inflammatory cytokines such as IL-12 and IL-18 have been shown to reduce OC formation brought about by TNF-α synergistically through the upregulation of FasL, resulting in the apoptosis of the OCPs. ([@bib0205]). Similarly, IFN-γ has been shown to directly inhibit osteoclastogenesis induced by TNF-α stimulation due to accelerated apoptosis mediated by Fas/FasL signaling ([@bib0205]). Using cord blood monocyte cultures (CBMC) Roux et al. have demonstrated that Fas stimulation induces human OC apoptosis as well ([@bib0385]). There are lines of evidence to show that the intracellular Ca^2+^-binding protein, calmodulin (CaM) regulates OC apoptosis through the Fas/FasL pathway. It has been demonstrated that CaM binds to Fas upon Fas activation, indicating a functional significance of this interaction ([@bib0015]), and Lpr mice that have a deficiency in Fas-mediated apoptosis, show reduced CaM binding ([@bib0015]). The evidence shows that CaM exerts either an anti-apoptotic or a pro-apoptotic influence by regulating various downstream targets. In a study by [@bib0530], it has been demonstrated that interference with CaM binding to Fas by CaM antagonists, such as tamoxifen and trifluoperazine, enhances CaM antagonist-induced OC apoptosis, suggesting that CaM is protective in mature OCs and OC apoptosis by CaM antagonists may possibly account for the CaM antagonist-induced inhibition of bone resorption as well. Further corroborating the Fas/FasL system in OC apoptosis a study by [@bib0485] implicated that alendronate promotes OC apoptosis through the expression of the Fas gene. Many studies which evaluate the role of estrogen in OC apoptosis attributed cell death to the Fas/FasL system ([@bib0330]; [@bib0490]).

Contrary to the findings of the aforementioned studies, several reports have revealed that apoptosis by Fas/FasL is not a dominant apoptotic mechanism in OCs ([@bib0340]; [@bib0220]). Furthermore, the studies indicate that Fas/FasL has a limited role in the apoptosis of OC progenitors while having no direct effect on OC differentiation. In a similar study which could not find an association with the Fas/FasL system in murine OC apoptosis, it was however revealed that FasL enhances RANKL-induced osteoclastogenesis in mice. The addition of anti-FasL mAb to the cultures decreased osteoclastogenesis, suggesting that FasL is a positive modulator of RANKL-mediated osteoclastogenesis which is mediated through upregulated production of IL-1 and TNF-α subsequent to NF-κB activation ([@bib0355]). Taken together, many studies indicate a possible role of the Fas/FasL system in OC apoptosis; however, more studies are necessary to delineate the precise role of the Fas/FasL system in OC apoptosis.

TNF-related apoptosis-inducing ligand receptors (TRAIL-R) exist as a type II transmembrane protein or as a soluble receptor, and induce apoptosis by the activation of its death domain (DD)-containing receptors, TRAIL-R1 (DR4) and TRAIL-R2 (DR5). TRAIL also binds to the "decoy'' receptors, TRAIL-R3 (DcR1) and TRAIL-R4 (DcR2) which lack apoptosis-inducing capability and OPG which inhibits TRAIL-mediated apoptosis. TRAIL-binding to decoy receptors prevents TRAIL-induced apoptosis in cells. Similar to the role of the Fas/FasL system, the role of TRAIL/TRAIL-R is still elusive. TRAIL receptors have been found in pre OCs as well as in fully differentiated OCs. TRAIL-deficient (TRAIL^−^/^−^) mice did not display any bone abnormalities, and *in vitro* OC differentiation was normal in these mice, suggesting that these factors do not play an essential part in bone physiology under normal conditions ([@bib0410]) and that the TRAIL pathway could be an additional and/or an alternative mechanism in OC apoptosis. Since TRAIL receptors are also expressed in human OCs, it is possible that the TRAIL pathway could be induced in OCs *in vivo* under pathological conditions ([@bib0385]). Using human and murine preosteoclastic precursors (peripheral blood mononuclear cells \[PBMCs\] and Raw cells, respectively) TRAIL has been shown to reduce M-CSF and RANKL-induced OC differentiation and bone resorbing activity by selectively inhibiting the activation of the p38/MAPK pathway, suggesting that TRAIL is likely to be a redundant negative regulator of physiological osteoclastogenesis because of the lack of bone abnormalities in TRAIL^−^/^−^ mice. In addition to the anti-osteoclastogenic activity of TRAIL, it has been shown that OC-like cells formed from CBMC express TRAIL receptors, both TRAIL-R1 and TRAIL-R2, are able to transduce apoptosis similar to FasL and TGF-β1 ([@bib0385]). Moreover, using PBMCs it has been demonstrated that TRAIL is capable of up-regulating mainly TRAIL-R2/DR5 expression and activates caspase-8 and Bid in mature OCs which mediate the TRAIL-induced extracellular and mitochondrial OC apoptotic pathways ([@bib0085]). However, apoptosis was not observed in OCPs during differentiation ([@bib0550]; [@bib0405]), which may be due to the overexpression of the decoy receptor, DcR2, compared to the other receptors ([@bib0085]). Given the fact that TRAIL receptors differ in mice and humans and that they may function by different mechanisms ([@bib0405]), from the foregoing it could be delineated that high concentrations of TRAIL may upregulate the expression of TRAIL death domain-containing receptors and the apoptotic pathway in human OCs. Furthermore, the ratio of TRAIL death to decoy receptors, which is determined by the stage of OC differentiation and other cells in the vicinity, may determine the sensitivity or resistance of OCs to the TRAIL apoptotic pathway. Since the methodological differences in both human and murine studies could not be ruled out, more studies are needed to elucidate and validate the aforementioned observations. Since the literature published so far does not conclusively rule out the possibility of the involvement of the TRAIL-TRAILR pathway in OC apoptosis, there may be some redundancy in the OC apoptotic pathways.

The Bcl-2 family of proteins control and regulate the mitochondrial-mediated apoptotic events. In skeletal tissues, the anti-apoptotic member, Bcl-2 is expressed in OBs, OCs, chondrocytes and osteocytes. Bcl-2 resides on the mitochondrial outer membrane, endoplasmic reticulum, and nuclear envelope, and inhibits apoptosis by suppressing cytochrome c release from mitochondria. Bcl-2^−^/^−^ mice have a reduced number of OCs which are dysfunctional ([@bib0325]). The same study has demonstrated that Bcl-2 promotes OC differentiation and bone resorbing activity. Bcl-2^-/-^ OCs displayed an increased expression of activated caspase-3, indicating that lack of Bcl-2 accelerates OC apoptosis, which explains the reduced number and activity of OCs in Bcl-2^−^/^−^ mice ([@bib0325]). Bcl-xL, which is another anti-apoptotic protein, shows high expression levels in OCs than Bcl-2, and M-CSF, RANKL and TNF-α, stimulate Bcl‐xL expression in mature OCs. The evidence for the role of Bcl-xL in OC apoptosis is apparent since crossing of TRAP-Bcl-xL mice with TRAP-SV40 transgenic mice rescued SV40-induced OC death and mild osteopetrosis ([@bib0135]). The expression of Bcl‐xL is under the regulation of the transcription factors: NF‐κB, activator protein 1 (AP‐1), and the Ets family members including Ets‐1, Ets‐2, and PU.1. It has also been proposed that the reduced efficacy of bisphosphonates in the treatment of chronic inflammatory bone diseases is due to the TNF-induced up-regulation of Ets-2 expression in OCPs, which in turn stimulates the transcription of the *bcl-xL* gene and makes OCs more resistant to apoptotic signals ([@bib0555]). Over-expression of the dominant negative IκB in OCs attenuates NF-κB activation and in the presence of TNF which alone is a pro-osteoclastogenic factor, leads to OC apoptosis *in vitro*. The underlying mechanisms for the cell death includes a reduction in TRAF-6, Bcl-xL and cellular inhibitors of apoptosis (cIAP-1) expression, leading to the activation of caspases and Poly ADP-ribose polymerases (PARPs), and the upregulation of the Bax/Bcl-xL ratio ([@bib0005]). Bcl-xL is overexpressed in inflamed joints of TNF transgenic mice and RA patients ([@bib0380]). Therefore, patients with inflamed joints show less response to bisphosphonate therapy than patients having osteoporosis ([@bib0555]).

Withdrawal of M-CSF has been shown to induce rapid apoptosis of OCs with a rapid and sustained increase in the pro-apoptotic BH3-only Bcl-2 family member Bim, suggesting that Bim plays an important role in cytokine withdrawal-mediated OC apoptosis. Upregulation of Bim occurs as a result of reduced ubiquitylation and proteasomal degradation mediated by E3 ubiquitin-protein ligase c-Cbl ([@bib0025]). Further, the above study has demonstrated that OCs which were differentiated from BM cells of Bim^−^/^−^ animals have a prolonged survival in the absence of M-CSF ([@bib0025]).

Though the role of caspase-3 in OC differentiation is not conclusive ([@bib0460]), apoptosis is well established ([@bib0460]; [@bib0480]). A study by [@bib0480] have demonstrated that Bim expression levels are downregulated by caspase-3 by associating Bim with c-cbl. Moreover, caspase-3 is indirectly involved in the degradation of Bim in OCs. OC bone resorption is enhanced at sites where reactive oxygen species (ROS) are high. ROS and increased oxidative stress are known factors in age-related osteoporosis. A study has demonstrated that caspase-2, which is an initiator of the intrinsic mitochondrial pathway, is induced in OCs in the presence of oxidants ([@bib0415]) and they regulate OC numbers by promoting apoptosis. Loss of caspase-2 reduces the oxidative-stress-induced apoptosis of OCs and enhances their survival ([@bib0415]).

4. Regulation of OC apoptosis {#sec0020}
=============================

It can be assumed that factors which enhance OC bone resorbing activity might inhibit OC apoptosis while factors which inhibit OC activity might enhance OC apoptosis. However, apoptosis does not follow subsequent to inhibition of bone resorption as demonstrated by calcitonin. Calcitonin, which is known to inhibit bone resorption, enhances OC survival ([@bib0235]). There is a plethora of reports to suggest that OC apoptosis can be modulated by several substances as given in [Table 1](#tbl0005){ref-type="table"}.Table 1Positive and negative regulators of osteoclast apoptosis.Table 1FactorEffect on apoptosisPositive regulators (increase apoptosis)Negative regulators (increase survival)Hormones17β-estradiolPTHTestosteronevitamin D3 \[125(OH)2D3\]CorticosteroidsCalcitoninCytokinesIL-12M-CSFIl-18RANKLIL-33IL-1IL-35TNF-αIFN-gIL-6TGF-βTranscription factorsTranscriptionPu.1regulators -- E proteinsNF-κBNFATc1VitaminsVitamin K~2~CalciumCa^2+^Pharmacological agentsBisphosphonatesTamoxifenRGD peptides

5. Negative regulation of apoptosis or OC survival {#sec0025}
==================================================

Several agents enhance OC survival by preventing OC apoptosis and include hormones such as the parathyroid hormone (PTH), 1, 25-dihydroxyvitamin D~3~(1,25(OH)2D~3~) and cytokines such as M-CSF, RANKL, IL-1, TNF-α and IL-6 ([Table 1](#tbl0005){ref-type="table"}).

6. RANKL {#sec0030}
========

Two factors, namely RANKL and M-CSF, are sufficient for OC differentiation and bone resorbing activity. Binding of RANKL to its cognate receptor, RANK on OCPs recruits TRAF-6 and TAK1 and stimulates signaling cascades, resulting in the activation of the mitogen-activated protein kinases (MAPKs) including extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK) and p38 ([Fig. 1](#fig0005){ref-type="fig"}). ERK has been implicated in preosteoclastic proliferation while P38 MAPK plays an important role in RANKL-induced OC differentiation of the precursors but not in OC function. RANKL stimulation also leads to the activation and induction of the transcription factors - NF-κB, c-Fos and NFATc1 ([@bib0455]). In addition, RANK-RANKL initiates the binding of the adaptor proteins, TRAF6 and c-Src which in turn activate PI3K and Akt kinase ([Fig. 1](#fig0005){ref-type="fig"}).Fig. 1Signaling pathways in osteoclast (OC) differentiation, survival and death. Binding of RANKL to RANK results in the recruitment of adaptor molecules such as the TNFR-associated factors (TRAFs) and activation of several downstream signaling pathways. The RANKL-RANK complex can activate all three MAPK pathways and the NF-κB pathway, by interacting with TRAF6 and TGF-α activated kinase (TAK)-1. Activation of the JNK pathway mobilizes a number of osteoclastogenic transcription factors such as c-Fos, Fos-related antigens (Fra-1and 2) and the nuclear factor-activated T-cells (NFAT) c1. Both the NF-κB and the JNK signaling pathways are essential for OC differentiation. Binding of TNF-α to TNFR has a strong synergistic effect with RANK in NF-κB and JNK pathways through RIP-IKK activation. The RANKL-RANK-mediated interaction of TRAF6 with c-Src stimulates the PI3K-Akt pathway necessary for cell survival. M-CSF binding to its cognate receptor, c-Fms, and its association with c-Src and PI3K acts synergistically on the PI3K-Akt pathway necessary for OC survival. Binding of Ras to c-Fms activates the Ras and Raf/MEK/ERK pathways as well. PAK1 is activated by M-CSF in a Ras-dependent mechanism that promotes OC survival. PAK1 promotes OC survival by modulating expression of the IAP family member, Survivin.Fig. 1

Akt has been shown to phosphorylate Bad and caspase-9 ([@bib0070]; [@bib0510]), thus preventing the intrinsic apoptotic pathway. RANKL-RANK induced activation of signaling pathways, such as ERK and NF-κB, is necessary for OC activation and survival ([@bib0310]). Using constitutively active MEK-1 it has been demonstrated that stimulation of ERK in OCs dramatically promotes their survival while NF-κB is necessary for OC activation ([@bib0310]). The anti-apoptotic agents, M-CSF, TNF-α and RANKL have been shown to converge at the level of the mammalian target of rapamycin/p70 ribosomal protein S6 kinase (mTOR/S6K) to cause OC survival ([@bib0120]).

7. M-CSF {#sec0035}
========

The role of M-CSF in OC survival has been demonstrated by Fuller et al. who showed that the addition of M-CSF rescues OCs from apoptosis and enhances their survival ([@bib0105]). Using a co-culture system of BM cells with a ST2 stromal cell line, Jimi et al. have demonstrated that M-CSF enhances OC survival in a dose dependent manner ([@bib0165]). M-CSF has been shown to increase OC survival by activating the Ras and phosphoinositide 3-kinase (PI3K) and Raf/MEK/ERK pathways ([@bib0065]), and upregulates the expression of Bcl-2, Bcl-xL mRNA ([@bib0240]) and the X-linked inhibitor of apoptosis protein (XIAP) ([@bib0185]). Further, PAK1 is activated by M-CSF in a Ras-dependent manner that promotes OC survival by modulating the expression of the inhibitor of apoptosis protein (IAP) family member, Survivin ([@bib0065]). A similar study by Woo and colleagues have demonstrated that M-CSF promotes the survival of OCs through Bcl-xL-induced inhibition of caspase-9 activation in the intrinsic pathway ([@bib0515]). Withdrawal of M-CSF from the cultures has been shown to upregulate the pro-apoptotic BH3-only Bcl-2 family member, Bim, but this does not affect the levels of Bid, Bax or Bcl-xL. Bim^−^/^−^ OCs show a marked prolongation of survival in the absence of M-CSF, compared with bim^+^/^+^ OC while bim^−^/^−^ OCs show an elongated lifespan *in vivo* ([@bib0025]). M-CSF-induced inhibition of OC apoptosis is also thought to increase the anti-apoptotic protein, XIAP in OCs, which is a direct proteinaceous inhibitor of caspase-3 and caspase-7 ([@bib0185]).

8. Transcription factors {#sec0040}
========================

RANKL-RANK binding has been shown to activate several transcription factors, such as PU.1, NF-κB, NFATC1, AP-1 and MITF, which regulate genes necessary for OC proliferation, differentiation and survival. Mice lacking PU.1 and NF-κB have been shown to develop osteopetrosis due to reduced OC numbers. PU.1 is a hematopoietic-specific transcriptional activator and PU.1-deficient fetal erythroid progenitors lose their self-renewal capacity and undergo proliferation arrest, premature differentiation and apoptosis ([@bib0050]), suggesting that PU.1 may modulate the survival of OCPs. NF-κB is an important transcription factor necessary for OC formation and differentiation as well as OC bone resorbing activity ([@bib0540]; [@bib0310]), which acts through the activation of canonical as well as non-canonical pathways ([@bib0440], [@bib0450]; [@bib0445]). A study has shown that NF-κB is pivotal in protecting the cells against TNF-induced apoptosis ([@bib0265]). Many cytokines, such as RANKL and IL-1, have been shown to increase OC survival through NF-κB. AP-1 transcription factors, c-fos, Fra1 and 2, are necessary for OCP commitment and survival. C-fos acts as an essential switch between OC and macrophage differentiation from a common progenitor, and OCs do not form in its absence. Though c-Fos is important in OC formation and activity, its role in OC survival is negligible ([@bib0540]).

NFATc1 is considered the master transcription factor in OC differentiation. A study has demonstrated that in the presence of RANKL, ITAM-dependent costimulatory signals coming from FcRγ and DAP12 through binding to their cognate receptors, such as OSCAR and TREM2, respectively, are necessary to activate Ca^2+^ signaling through phospholipase C gamma ([@bib0215]). Ca^2+^ then binds to CaM which in turn activates the CaM-dependent phosphatase, calcineurin. Dephosphorylation of NFATc1 by activated calcineurin leads to nuclear translocation and the activation of NFATc1 in OCPs for their terminal differentiation into mature OCs. A study has shown that inhibition of calcineurin using cyclosporine A and FK506 in turn inhibits the RANKL-induced OC formation while inducing OC apoptosis, indicating that NFATc1 is necessary for OC differentiation, activity and survival ([@bib0160]).

9. Interleukins (ILs) {#sec0045}
=====================

IL-1α has been shown to enhance OC survival through activating NF-κB ([@bib0395]), suggesting that IL-1-induced survival of OCs may also play an important role in bone resorption, stimulated by pathological conditions such as RA, lymphoma and osteoporosis ([@bib0170]). IL-1-has been shown to induce OC survival by acting through the PI 3-kinase/Akt and ERK signaling pathways and by reducing caspase-3 activity ([@bib0245]). It has been shown that OCPs and mature OCs express IL-3R which is necessary for OCP survival and commitment to OC lineage, whereas its role in OC differentiation has not been fully delineated yet ([@bib0435]). IL-6 is a known activator of OC bone resorption activity. IL-6 has been shown to reverse the effect of rising levels of Ca^2+^ in bone resorption and attenuate OC apoptosis brought about by high calcium levels ([@bib0010]).

10. Hormones {#sec0050}
============

10.1. PTH and 1, 25-dihydroxy vitamin D3 \[1, 25(OH)2D3\] {#sec0055}
---------------------------------------------------------

It has been shown that both PTH and 1, 25(OH)2D3 are necessary for Ca^2+^ homeostasis by increasing the serum Ca^2+^ levels, enhancing Ca^2+^ absorption from intestines and by resorbing bone as well as preventing Ca^2+^ loss through kidneys *via* urine. Both hormones stimulate OC formation, bone resorption and OC survival through the activation of OBs and RANKL expression and by reducing the OPG expression by stromal cells. PTH and 1,25-(OH)2D3 enhances the OC survival indirectly by stimulating the production of interleukins such as IL-6 and IL-11 by OBs.

10.2. Calcitonin {#sec0060}
----------------

According to earlier studies calcitonin which is a calcitropic hormone (a 32-amino-acid peptide), inhibits OC bone resorption by causing cell detachment, changes in cytoskeleton and mobility while downregulating cytochrome oxidase activity, without affecting OC apoptosis. However, subsequent studies have demonstrated that calcitonin promotes OC survival and regulates the onset of apoptosis ([@bib0235]). Prevention of OC apoptosis by calcitonin is postulated to occur due to the activation of protein kinase A (PKA), thereby inhibiting the activation of procaspase-9 and procaspase-3. In addition, PKA is involved in phosphorylation and inactivation of Bad which cause the elevation of functional Bcl-2 or Bcl-xL, both of which are dominant members in the prevention of mitochondrial permeability transition. Moreover, calcitonin protects OCs from the effects of nitric oxide releaser-NOC18, a highly effective apoptotic stimulus ([@bib0185]). The aforementioned effect of the inhibition of OC apoptosis has been further confirmed by a study which showed that calcitonin prevents OC apoptosis brought about by the bisphosphonate analog, sintered dicalcium pyrophosphate (SDCP), but not bone resorption. ERK1/2 is also involved in antiapoptotic signaling induced by calcitonin in OCs. Calcitonin inhibition of OC apoptosis is postulated to occur in part by upregulating Bcl-2 expression and inhibition of caspase-3 and -9. Lack of activation of caspases-8 indicates that this inhibition does not occur through the extrinsic apoptotic pathway ([@bib0235]).

10.3. Integrin binding {#sec0065}
----------------------

OCs typically exhibit high expression of transmembrane integrins such as α~v~β~3~ heterodimer (vitronectin receptor) which recognizes the Arg-Gly-Asp (RGD) motif on the bone matrix components such as thrombospondin, fibronectin, vitronectin, osteopontin and bone sialic protein. Anoikis denotes the apoptosis of cells following detachment from the underlying extracellular matrix containing RGD peptides ([@bib0395]). It has been demonstrated that OCs cultured *in vitro* on the bone matrix survive longer than the OCs cultured on plastic, suggesting that OC adherence to the underlying bone is necessary for their survival ([@bib0150]). *In vivo*, at the reversal sites in the BMU, OCs detach from the underlying bone and then undergo apoptosis. Using mature rabbit OCs, it has been shown that deprivation of adhesion promotes anoikis in OCs *in vitro* ([@bib0400]). It has also been demonstrated that while unoccupied, α~v~β~3~ integrin induces apoptosis in pre OCs by transmiting a positive death signal regulated by caspase-8 while pre OCs lacking α~v~β~3~ integrin enhance their survival ([@bib0560]). In addition, blockade of bone matrix-integrin interaction using RGD peptides has been shown to induce apoptosis ([@bib0540]). A study by ([@bib0475]) has demonstrated that antisense oligonucleotides to the α~v~ gene prevent OC adhesion and bone resorption while enhancing OC apoptosis due to reduced expression of Bcl-2 in rabbit OCs. Though proapoptotic Bax is not changed, a reduction in anti-apoptotic Bcl-2 causes a reduction in Bcl-2/Bax ratio, suggesting that a reduction in the synthesis of α~v~ may enhance OC apoptosis.

At focal adhesions, integrin-extracellular matrix interactions promote the assembly of the cytoskeletal and signaling molecule complexes which include the Src-family members, focal adhesion kinase (FAK), phosphatidylinositol-3′-kinase (PI3K) and phospholipase C (PLC)-γ ([@bib0305]), and prevent anoikis-mediated OC death. The survival of OCs mediated by c-Src is thought to occur through the Akt/PKB pathway ([@bib0510]). Using selective c-Src inhibitors, Recchia and colleagues have demonstrated that a reduction in c-Src activity increases OC apoptosis as a result of a sustained increase in ERK1/2 phosphorylation ([@bib0370]). However, other pathways may act in conjunction with Akt/PKB pathway for OC survival as lack of c-Src in Src^−/−^ mice does not show enhanced OC apoptosis ([@bib0545]). Nevertheless, transgenic mice lacking the entire kinase domain and regulatory tyrosine 527 have enhanced OC apoptosis, suggesting that misregulation of the Src251 protein interaction domains may have given rise to the observed OC phenotype ([@bib0545]).

The type II collagen N-propeptide, PIIBNP is the most abundant cartilage protein. In an attempt to delineate the effect of PIIBNP in bone cells, Hayashi and colleagues have demonstrated that PIIBNP induces cell death of OCs *via* binding through the RGD domain by detaching OCs when cultured on vitronectin-coated plates. Though PIIBNP did not detach cells from type I collagen or fibronectin, it caused apoptosis in a β3 integrin-dependent manner, suggesting that unlike RGD peptides, PIIBNP does not cause apoptosis only by anoikis, but involves the caspase-3/-8 pathway, indicating a potential therapeutic indication for PIIBNP in bone related diseases with accelerated resorption ([@bib0130]).

10.4. Positive regulation or inducers of OC apoptosis {#sec0070}
-----------------------------------------------------

### 10.4.1. OPG {#sec0075}

The TNF family member, osteoprotegerin (OPG) is a secreted glycoprotein that prevents RANKL-RANK binding by acting as a decoy receptor for RANKL and thus prevents RANKL-induced OC differentiation and activity. Using BM cultures it has been shown that low concentrations of OPG (20--80 ng/ml) enhances the apoptosis of OCPs in a dose-dependent manner ([@bib0270]). In addition, OPG is able to upregulate the expression levels of FasL in both OCs and OCPs dose-dependently. Further, OPG significantly increases the Bax/Bcl-2 ratio in both OCs and OCPs and the level of activated caspase-3 and cleaved-caspase-9. Taken together, the data of this study suggest that OPG induces the apoptosis of OCs and OPCs by triggering the downstream mitochondria caspase cascade through the Fas/FasL pathway by regulating the form of FasL either by binding to soluble FasL, or inhibiting the shedding of FasL.

Contrary to the aforementioned study, it has been shown *in vitro* that OPG reduces OC apoptosis through the TRAIL pathway ([@bib0075]). Though TRAIL mRNA expression by OCs is not affected in the presence of OPG, TRAIL levels in the culture medium as well as the level of activated caspase-8 in OCs decrease dose-dependently in the presence of OPG (50--100 ng/ml). It has been postulated that the inhibition of apoptosis by OPG may occur *via* several mechanisms including inhibition of TRAIL-induced OC apoptosis at least in part by binding of TRAIL and limiting its availability and access to cell surface TRAIL receptors ([@bib0075]). Since TRAIL is expressed and secreted by OCs, it can be assumed that the TRAIL pathway is an autocrine signaling process that controls OC apoptosis. Since OPG acts as a decoy receptor for both RANK and TRAIL, the binding of OPG to TRAIL or RANKL may depend on the relative concentrations of these molecules in the environment. It can be assumed that in the presence of reduced concentrations of RANKL with an elevated level of OPG, OPG could bind TRAIL, thus limiting its apoptosis-inducing effect. From the foregoing it can be delineated that OPG modulates the apoptosis of OCs; however, the role of OPG as a survival factor of OCs *in vivo* remains to be verified.

Wnts, which are secreted glycol-proteins, have been shown to universally protect against apoptosis through mechanisms involving β-catenin and the activation of PI3K/Akt and other mechanisms depending on the cell type. It has been well demonstrated that Wnt proteins prevent the apoptosis of both OBPs and OBs by β-catenin-dependent and -independent pathways through the activation of Src/ERK and the phosphatidylinositol 3-Kinase/AKT pathway ([@bib0030]). In OCs it has been shown that Wnt/β-catenin signaling decreases OC differentiation by stimulating the production and secretion of OPG ([@bib0125]), and the deletion of β-catenin in OCs has been shown to increase OC numbers and bone resorption, thus decreasing bone mass ([@bib0495]). A study has unraveled a direct effect of WNT ligands on OCPs and OCs *via* an autocrine mechanism ([@bib0360]). In OCPs activation of β-catenin has been shown to enhance OCP proliferation while osteoclastogenesis is inhibited by WNT3a, suggesting bi-phasic and dosage-dependent regulation of osteoclastogenesis ([@bib0495]). Notwithstanding the aforementioned observations, the activation of the noncanonical pathway by WNT5a has been shown to stimulate differentiation of OCPs and osteoclastogenesis ([@bib0290]). However, the direct role of Wnts in OC apoptosis needs to be clarified.

### 10.4.2. Estrogen (17β-estradiol) {#sec0080}

Bone resorption by OCs and bone formation by OBs are tightly coupled to maintain a balance between these two processes. The net loss of bone following menopause, which can be overcome by estrogen replacement therapy, indicates that estrogen is important in the maintenance of this balance. Earlier studies by [@bib0260] have demonstrated that administration of estrogen to weaning mice causes a reduction in OC numbers attached to bone and changes their morphology and size. Moreover, they have observed numerous acid-phosphatase-positive fragments in the marrow space, suggesting that estrogen treatment causes the dissociation and disintegration, and thus decreases the activity of OCs. However, they did not attribute these changes to the apoptosis of OCs. In a subsequent study using ovariectomized mice Hughes et al. have showed that estrogen promotes OC apoptosis *in vivo* and *in vitro* ([@bib0155]). The discovery of estrogen receptors in OBs ([@bib0100]) and OCs ([@bib0345]) suggests that estrogen may exert both indirect and direct effects through these two cell types.

Evidence of the indirect effect of estrogen on OC apoptosis comes from the study by Hughes et al. who showed that OC apoptosis can be induced by the administration of the 17β-estradiol, tamoxifen and transforming growth factor (TGF)-β. By adding anti TGF-β antibody to the cultures they were able to inhibit TGF-β, estrogen and tamoxifen-induced OC apoptosis ([@bib0155]), suggesting that TGF-β might mediate the observed effects by acting through OBs. It has been demonstrated later that TGF-β -induced production of OPG by OBs and stromal cells ([@bib0320]) may explain the indirect estrogen-induced OC apoptosis. Though the foregoing may explain OC apoptosis subsequent to the secretion of TGF-β and OPG by OBs and stromal cells, this may not be the sole mechanism by which estrogen promotes OC apoptosis since in the absence of OPG, OCs still undergo apoptosis in stromal cell-depleted cultures ([@bib0020]). A similar study has shown that estrogen may elevate FasL expression in OBs, leading to OB-mediated apoptosis of the OC progenitors ([@bib0230]) through MMP3-induced FasL cleavage in OBs by ERα, resulting in the secretion of soluble FasL ([@bib0110]). FasL expression is down-regulated in OB progenitors/OBs from OVX mice, and OVX induces more bone loss in FasL conditional knock-out (cKO) mice. FasL cKO mice presented the lowest ratio of apoptotic OCs regardless of the sham or OVX procedures ([@bib0490]), indicating that estrogen may exert its effect through the Fas/FasL system *via* a paracrine mechanism. There is substantial evidence to indicate that upregulation of cytokines, such as TNF-α, IL-1, IL-6 and M-CSF, contributes to enhanced OC activity and bone resorption in postmenopausal osteoporosis. These cytokines are necessary to prime the pre-OCs for estrogen-mediated apoptosis by FasL, thus the requirement for ERα expression in OCs ([@bib0230]).

Several studies have demonstrated that estrogen by an estrogen receptor-mediated mechanism directly acting through OCs prevents their bone resorbing activity partially due to apoptosis ([@bib0180]). Using OC-specific ERα knockout mice ([@bib0330]), have demonstrated that *via* the induction of the Fas/FasL system the estrogen receptor, ERα induces apoptosis in an autocrine manner. The role of the Fas/FasL system in estrogen-induced apoptosis has been corroborated by an *in vitro* study using Lpr and Gld mice ([@bib0230]). However, the direct effect of estrogen on OCs may not be solely through the Fas/FasL system as estradiol has been shown by a similar study not to exert any effect on the expression of Fas in OCs ([@bib0225]). Furthermore, tamoxifen, which is a selective estrogen receptor modulator (SERM) having an estrogenic effect on bone, has been shown to reduce OC bone resorbing activity by enhancing OC apoptosis ([@bib0330]; [@bib0230]; [@bib0040]). Despite the disagreements regarding the molecular basis of how ERα promotes OC apoptosis the published studies provide strong evidence that estrogen inhibits OC survival *via* direct action on OCs and OCPs.

### 10.4.3. TGF-β1 {#sec0085}

TGF-β1 is most abundant in bone and human OCs express both type I and type II TGF-β receptors (TGF-β-R1 and RII) . Binding of TGF-β to its cognate receptor, TGF-β-RII recruits TGF-β-R1 and the activation of the Smad-dependent and Smad-independent pathways. The Smad-independent pathway includes the activation of MAPKs such as ERK, JNK and p38. The p38 has been shown to mediate apoptosis through the activation of caspase-9. The role of TGF-β in OC apoptosis is inconsistent and has not been fully elucidated yet. Previous studies have shown that TGF-β1 induces apoptosis of murine OCs at least in part, by up-regulating the expression of OPG ([@bib0320]). Using CBMs Houde and colleagues have demonstrated that TGF-β1 induces human OC apoptosis by inducing the activation of Bim and caspase-9 in the intrinsic apoptotic pathway, but not in the extrinsic pathway as TGF-β receptors lack DRs ([@bib0140]). The intensity of apoptosis induced by TGF-β has been shown to be less in the presence of the OC survival factor, RANKL. Further, the study suggests that TGF-β acts as a coupling agent in bone remodeling. This has been postulated to occur following the release of TGF-β from the bone matrix due to OC bone resorption which in turn inhibits bone resorption partly by inducing OC apoptosis and partly by stimulating osteoblastic bone formation ([@bib0140]). As discussed above, estrogen has been shown to enhance the production of TGF-β, suggesting that TGF-β may cause estrogen-mediated inhibition of OC activity ([@bib0350]). This has been confirmed by a subsequent study which shows that TGF-β mediates OC apoptosis in a dose-dependent manner and also mediates the action of estrogen and tamoxifen ([@bib0155]). In another similar study it has been shown that the expression of TGF-β1 and OPG can be greatly elevated in stretched bone lining cells after force application which leads to OC apoptosis, suggesting that force-induced OC apoptosis is accompanied by an elevation of TGF-β and OPG expression ([@bib0210]).

In contrast to the aforementioned positive regulation of OC apoptosis by TGF-β, a study has shown that TGF-βinhibits OC apoptosis in mice by activating TAK1/MEK and the expression of pro-survival Bcl-xL along with the TAK1/MEK and SMAD pathways to induce the expression of pro-survival factor, Mcl-1([@bib0115]). The same group have later demonstrated that TGF-β enhances OC survival by inducing the expression of leukemia inhibitory factor (LIF) and suppressor of cytokine signaling 3 (SOCS3) by activating the Akt/NF-βB and Smad pathways, respectively. Binding of LIF to its receptor in turn activates the prosurvival pathways such as Akt/NF-κB and MEK signaling to enhance the expression of Bcl-xL and suppress the expression of Bid ([@bib0390]). Therefore, due to the ambiguous nature of the data, more studies are necessary to clarify the role of TGF-β in OC apoptosis.

### 10.4.4. Transcription regulators and Ca^2+^ {#sec0090}

E proteins are ubiquitously expressed transcription regulators that regulate cell proliferation and survival. E proteins can activate or repress transcription by binding themselves to the promoter or the enhancer region of a gene. E protein activity is regulated by inhibitors named Id proteins (Inhibitor of DNA binding or Inhibiting Differentiation) and their role in both OBs and OCs has already been established. It has been clearly demonstrated that RANKL stimulation causes the downregulation of Id1-3 proteins and that overexpression of Id1-3 inhibits the expression of TRAP and multinucleation of OCs ([@bib0250]), whereas mice lacking Id have severe osteoporosis with enhanced OC numbers and activity ([@bib0080]). Using myeloid specific conditional knock-in mouse expressing ET2 with loss of Id proteins, Long and colleagues ([@bib0275]) have shown that elevated E protein activity in these mice develops a high bone mass phenotype due to decreased OC numbers consequent to OC apoptosis. This was thought to occur as a result of the upregulation of CD38, an enzyme which is important in transmembrane signaling, cell adhesion and anti-osteoclastogenic activity. The anti-osteoclastogenic effects of CD38 are due to its intracellular calcium release which in turn signals the OCs to retract from bone, thus inhibiting bone resorption in mature OCs. CD38 increases the apoptosis of OCPs, pre OCs, and mature OCs ([@bib0275]). Another study demonstrating the role of Ca^2+^ in OC apoptosis has shown that both mature OCs and pre OCs express the Ca^2+^ receptor (CaR) and that lack of a functional CaR or antagonizing endogenous CaR function through overexpression of a dominant negative form of the CaR (DN-CaR) reduces the formation of OCs and enhances the Ca^2+^-induced OC apoptosis ([@bib0300]).

11. Interleukins {#sec0095}
================

ILs such as IL-12 and IL-18 have been shown to induce apoptosis of OCPs through the activation of the Fas/FasL system ([@bib0205]). IL-33 and its receptor, ST2 are expressed by OCs ([@bib0315]). The treatment of BM-derived OCs with IL-33 results in decreased formation of TRAP^+^ OCs and reduced resorption pits when compared with RANKL-stimulated cells. IL-33 has been shown to increase the expression of pro-apoptotic molecules, including Bax, Fas, FasL, FADD, TRAIL and Bid, suggesting that IL-33 interaction with ST2 has anti-osteoclastogenic effects with reduced OC formation and activity by inducing OC apoptosis ([@bib0255]). IL-35, which is a newly identified IL, has been shown to inhibit TNF-α-induced osteoclastogenesis, and to promote the apoptosis of OCs *via* the TNFR1-TRADD-FADD pathway by activating JAK1/STAT1 while suppressing NF-κB and MAPK ([@bib0365]).

12. Bisphosphonates {#sec0100}
===================

Bisphosphonates, potent analogues of inorganic pyrophosphate, are commonly employed in the management of Paget\'s disease of bone, hypercalcemia of malignancy and osteoporosis due to their inhibitory effect on bone resorption. The inhibitory effect on bone resorption is attributed to their apoptotic effect on OCs. In an earlier study, Hughes et al. have demonstrated that bisphosphonates enhance OC apoptosis *in vivo* as well as *in vitro* ([@bib0150]). However, they could not delineate the precise mechanism by which bisphosphonates induce apoptosis in OCs at that time ([@bib0150]). Simple bisphosphonates (BPs) such as etidronate, have been shown to incorporate into nonhydrolysable adenosine triphosphate analogues and induce OC apoptosis. Nitrogen-containing bisphosphonates (NBPs), such as alendronate (ALN), risedronate (RIS), ibandronate and pamidronate (PAM) which are taken up by OCs inhibit farnesyl pyrophosphate (FPP) synthase, an enzyme of the mevalonate pathway of OCs. A study has demonstrated that BPs induce OC apoptosis directly by the induction of caspase-3-dependent cleavage of Mammalian Sterile 20-like kinase 1 (Mst1) to form the active 34-kDa species, which is associated with apoptosis as a result of the inhibition of FPP synthase ([@bib0375]) and cause apoptosis of OCs by inhibiting the post-translational prenylation of proteins such as Ras ([@bib0285]).

13. Vitamin K~2~ {#sec0105}
================

In an attempt to delineate the role of Vitamin K~2~ in the reduction of OC numbers through OC apoptosis, op/op mice were injected with a single M-CSF injection and a subcutaneous injection of Vitamin K~2~. The maximum number of OCs was observed on day 5 after a single injection of M-CSF, which significantly reduced to 30% and 15% in mice which received Vitamin K~2~ injections 12 h and 24 h previously, respectively. The same pattern of reduction of OCs was observed starting from day 2 up to until day 25 ([@bib0190]). This *in vivo* reduction of OCs by apoptosis has also been confirmed by an *in vitro* study which showed that OCs in the presence of Vitamin K~2~ is unable to resorb bone, which is attributed to the enhanced OC apoptosis by Vitamin K~2~. ([@bib0175]). On the other hand, a similar study using ovariectomized rats, dietary supplementation (50 mg/kg a day) of menatetrenone (MK-4), a vitamin K~2~ has been shown to prevent OC activity without OC apoptosis ([@bib0045]).

14. Glucocorticoides {#sec0110}
====================

It is generally believed that glucocorticoids (GCs) cause osteoporosis through a combination of decreased bone formation and increased bone resorption as glucocorticoids exert diverse effects on bone and Ca^2+^ metabolism. It has clearly been delineated that GCs induce OB apoptosis and retard bone formation in GC-induced osteoporosis. However, the role of GC in OC apoptosis is still debatable. Moreover, according to the published literature, there is a marked species difference in the response of OCs to GCs ([@bib0090]) as well. Using neonatal rat OCs *in vitro,* a study has shown that GCs cause dose-dependent inhibition of bone resorption by reducing OC numbers, which was due to their death by apoptosis ([@bib0090]). A similar study carried out using rat OCs has shown that hydrocortisone and dexamethasone cause dose-dependent inhibition of OC bone resorption as a result of their death, suggesting that GCs may have a role in physiology as inhibitors of OC bone resorption as a result of their apoptosis ([@bib0465]).

Contrary to the foregoing, a similar study using murine OC cultures has demonstrated that GCs enhance OC survival and prevent the induction of OC apoptosis by antagonizing bisphosphonate-induced activation of caspase-3, caspase-8 and caspase-9 through a mechanism *via* the GC receptor ([@bib0505]). The aforementioned observation has been confirmed by a subsequent study by the Teitelbaum group ([@bib0200]) who showed that dexamethasone in murine OC cultures enhances their longevity as well as inhibits OCP proliferation, thus maintaining normal OC number. Using human peripheral blood mononuclear cells as OCPs, a study has shown that OC apoptosis may not be affected by GCs ([@bib0420]). Species differences or methods of study (*e.g.* incubation on plastic or bone) might play a role in producing these contrasting results. Studies have also not been clear as to whether direct effects of GCs on OCs are a monomeric event or require dimerization of the GC receptor.

15. Summary {#sec0115}
===========

Most adult bone diseases, such as osteoporosis and rhumatoid arthritis occur as a result of an imbalance in bone remodeling due to enhanced osteoclast numbers and osteoclast activity. One mechanism of preventing OC activity would be to commit these cells to undergo apoptosis. Though OCs have the DRs and the associated signaling pathways, their exact role in OC apoptosis is questionable as Fas/FasL and TRAIL/DR4 have been shown to induce both osteoclastogenesis and apoptosis. Moreover, TGF-β, which has long been known to induce OC death, has been shown to increase survival as well. Therefore, the literature only provides a glimpse of the signaling pathways of OC apoptosis, and more studies are required before these cytokines and signaling molecules can be considered as viable therapeutic targets of OC apoptosis in treating pathological bone diseases.
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